f Munc13s are presynaptic proteins that mediate synaptic vesicle priming and thereby control the size of the readily releasable pool of vesicles. During high synaptic activity, Munc13-1 and its closely related homolog, ubMunc13-2, bind Ca 2؉ /calmodulin, resulting in enhanced priming activity and in changes of short-term synaptic plasticity characteristics. Here, we studied whether bMunc13-2 and Munc13-3, two remote isoforms of Munc13-1 with a neuronal subtype-specific expression pattern, mediate synaptic vesicle priming and regulate short-term synaptic plasticity in a Ca 2؉ /calmodulin-dependent manner. We identified a single functional Ca 2؉ /calmodulin binding site in these isoforms and provide structural evidence that all Munc13s employ a common mode of interaction with calmodulin despite the lack of sequence homology between their Ca 2؉ /calmodulin binding sites. Electrophysiological analysis showed that, during high-frequency activity, Ca 2؉ /calmodulin binding positively regulates the priming activity of bMunc13-2 and Munc13-3, resulting in an increase in the size of the readily releasable pool of vesicles and subsequently in strong short-term synaptic enhancement of neurotransmission. We conclude that Ca 2؉ /calmodulin-dependent regulation of priming activity is structurally and functionally conserved in all Munc13 proteins, and that the composition of Munc13 isoforms in a neuron differentially controls its short-term synaptic plasticity characteristics.
M
unc13 proteins are key mediators of synaptic vesicle (SV) priming, an essential process in Ca 2ϩ -regulated neurotransmitter release that renders SVs fusion competent prior to exocytosis (38, 50, 54) . Genetic ablation of Munc13 expression eliminates evoked and spontaneous release due to a complete loss of the readily releasable pool (RRP) of fusion-competent SVs, underscoring the indispensable role of Munc13s for neuronal function (4, 51) . The mammalian genome encodes four major Munc13 proteins, Munc13-1, ubMunc13-2 (the ubiquitously expressed splice variant of Munc13-2), bMunc13-2 (the brain-specific splice variant of Munc13-2), and Munc13-3 (2, 7), which share the Cterminal MUN domain that is sufficient for priming function (5, 49) . Modulation of priming activity occurs through an N-terminal regulatory unit comprising the Ca 2ϩ /phospholipid-binding C2B domain (47) , a diacylglycerol-binding C1 domain (6, 39) , and a Ca 2ϩ /calmodulin (CaM)-binding domain (22, 57) (Fig. 1A) . Thus, Munc13 activity can be regulated by Ca 2ϩ either directly via the C2B domain or indirectly via the C1 and the CaMbinding domain to control release efficacy and synaptic shortterm plasticity (STP).
STP plays a pivotal role in higher brain functions (13) and is thought to correlate with changes in the residual presynaptic Ca 2ϩ concentration ([Ca 2ϩ ] i ). During and after repetitive activity, two forms of STP can be differentiated, namely, short-term depression (STD), where the neuron exhibits a gradual decrease in synaptic transmission, and short-term enhancement (STE), where an increase in synaptic transmission during activity is observed (58) . Depending on the Munc13 isoform expressed, cultured hippocampal neurons respond to high-frequency stimulation with moderate STD (in the presence of Munc13-1) or STE (in the presence of ubMunc13-2) (22, 42, 47) . As one important molecular link between [Ca 2ϩ ] i signaling and STP phenomena, we have previously found that Munc13-1 and ubMunc13-2 bind Ca 2ϩ /CaM through an evolutionarily conserved CaM-binding site (22) . Neurons expressing a CaM-insensitive Munc13-1 exhibit stronger STD during high-frequency action potential (AP) trains than neurons expressing wild-type Munc13-1. Remarkably, neurons expressing a CaM-insensitive ubMunc13-2 exhibit STD, whereas expression of wild-type ubMunc13-2 leads to STE during and after a high-frequency AP train (22) .
While Munc13-1 is expressed throughout the rodent brain, Munc13-2 and Munc13-3 exhibit distinct and neuronal subtypespecific expression patterns and likely modulate neurotransmitter release in concert with Munc13-1 (2, 3, 10, 42) . However, the priming function of bMunc13-2 and Munc13- 3 has not yet been proven experimentally. Moreover, it is unknown whether the heterologous N termini of bMunc13-2 and Munc13-3 feature functional CaM-binding sites to enable Ca 2ϩ -dependent regulation of priming. The minimal CaM-binding sites of Munc13-1 and ubMunc13-2 comprise a highly homologous 21-amino-acid stretch, but due to the lack of sequence homology, we did not recognize potential CaM-binding sites in bMunc13-2 and Munc13-3 in our initial study (22) . Later, we used bioinformatic tools based on biophysical and structural criteria to predict two nonconserved CaM recognition motifs in each of these isoforms and validated CaM binding of the four corresponding synthetic peptides (15) . However, this finding posed further important questions as to (i) whether both potential CaM-binding sites in bMunc13-2 and in Munc13-3 bind CaM at the protein level, (ii) whether the nonconserved CaM recognition motifs found within the Munc13 family converge to a common binding mode, and (iii) whether Ca 2ϩ /CaM binding of bMunc13-2 and Munc13-3 plays a role in STP.
We now present biochemical data indicating that of the two potential Ca 2ϩ /CaM binding sites in bMunc13-2 and Munc13-3, only one is functional at the protein level. We used molecular modeling with distance constraints derived from cross-linking experiments to gain insights into the structure of Munc13 peptideCaM complexes. Finally, we conducted a series of electrophysiological experiments to investigate the role of Ca 2ϩ /CaM binding of bMunc13-2 and Munc13-3 in neurotransmitter release and STP. We provide structural and functional evidence that all Munc13s differentially control STP through nonconserved Ca 2ϩ /CaM binding sites.
MATERIALS AND METHODS
Peptide synthesis and PAL. Munc13-derived peptides and photoprobes were synthesized by using standard solid-phase fluorenylmethoxycarbonyl (Fmoc) chemistry and the photoreactive amino acid Bpa (Novabiochem) (20) . Peptides with an N-terminal Cys (either originating from the native amino acid sequence or from an artificial elongation) were S-carboxamidomethylated with iodoacetamide prior to their use in crosslinking experiments when subsequent mapping of cross-linked sites was intended. PAL-based competition and Ca 2ϩ titration experiments with recombinant CaM were performed as described previously, and photoadduct formation was monitored by SDS-PAGE and linear matrix-assisted laser desorption ionization-time-of-flight-mass spectrometry (MALDI-TOF-MS) (15) . Cloning and mutagenesis of Munc13 constructs. bMunc13-2(366-780) and Munc13-3(711-1063) were amplified by PCR from the fulllength bMunc13-2 and Munc13-3 clones (GenBank accession numbers U24071 and U75361 [7] ) and cloned via EcoRI/XhoI into pGEX-4T-1 (GE Healthcare Life Sciences). Site-directed mutagenesis of these clones was performed with a QuikChange kit (Stratagene) under conditions suggested by the manufacturer, generating the following plasmids: pGEX-bMunc13-2(366-780) F580R , pGEX-bMunc13-2 (366-780)  F723R ,  pGEX-bMunc13-2(366-780)  F580R/F723R ,  pGEX-bMunc13-2(366-780) F723R/K724E/R728E/R731E , pGEX-Munc13-3(711-1063) F787R , pGEXMunc13-3(711-1063) F962R , and pGEX-Munc13-3(711-1063) F787R/F962R . To generate full-length C-terminally VENUS-tagged bMunc13-2 and Munc13-3, the VENUS cassette of pVENUS-VGLUT1 (described in reference 34; the authors also provided the plasmid) was excised using AgeI/ NotI and ligated into the same sites in bMunc13-2-pEGFP-N1 or Munc13-3-pEGFP-N1 (6), replacing the enhanced green fluorescent protein (EGFP) cassette. Site-directed mutagenesis was applied to these constructs to generate bMunc13-2 F723R/K724E/K728E/R731E -VENUS and Munc13-3 F962R -VENUS. The resulting constructs and wild-type variants were subcloned via XhoI/NotI into the pCAGIG vector (Addgene plasmid 11159) (28) that carries an EGFP cassette downstream of an internal ribosomal entry site. All vectors were sequenced prior to use.
Cosedimentation assay. Glutathione S-transferase (GST)-fused bMunc13-2 and Munc13-3 fragments were expressed in Escherichia coli BL21(DE3) by using the respective pGEX-4T1 plasmids in the GST Gene Fusion system (GE Healthcare Life Sciences). Cells were lysed by sonication, Triton X-100 (final concentration 0.1%) was added to the suspension, and proteins were solubilized by shaking for 20 min on ice. Cell debris was pelleted by ultracentrifugation (100,000 ϫ g, 30 min, 4°C), and the supernatant was filtrated through a sterile 0.22-m filter. Glutathione-Sepharose 4B beads were prepared according to the GST Gene Fusion system handbook and incubated overnight at 4°C with the filtrated supernatant to allow for binding of the GST fusion proteins. The beads were isoform, amino acid sequence, and acronym used is given. Note that bMunc13-2 and Munc13-3 contain two potential CaM recognition motifs, referred to as N and C terminal in our nomenclature. Only the peptides 13-1 and ub13-2 are highly homologous (57% identity; identical amino acids are boxed). The hydrophobic anchor residue of the diverse CaM-binding sequences (Trp-464 in Munc13-1, Trp-387 in ubMunc13-2, Phe-580 and Phe-723 in bMunc13-2, and Phe-787 and Phe-962 in Munc13-3; red) typically defines position 1 of the recognition motifs and is replaced by the photoreactive amino acid p-benzoyl-Phe (Bpa) to obtain the corresponding photoprobes.
washed 4ϫ with buffer A (20 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA) containing protease inhibitors and dithiothreitol (DTT), equilibrated with either buffer E (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA) or buffer C (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA; 4 mM CaCl 2 ), and incubated with 30 ng/l of bovine brain CaM (Roche) in the respective buffers for 4 h at 4°C. The beads were washed three times with either buffer E or C, boiled for 3 min in SDS sample buffer, and analyzed by SDS-PAGE on precast NuPAGE 12% Bis-Tris gels (Invitrogen) using a morpholinepropanesulfonic acid (MOPS) buffer system. Proteins were visualized by colloidal Coomassie staining, and gels were documented with an Odyssey near-infrared fluorescence imager (LI-COR), allowing for quantitation of proteins on the basis of the Coomassie fluorescence in the 700-nm channel (26) . The fluorescence signals from the bands corresponding to the GST-Munc13 fusion proteins and to the cosedimented CaM were quantified in two independent experiments and normalized to protein size. The resulting so-called intensity-per-kDa ratios were used for estimating the stoichiometry of the interactions.
CD spectroscopy. Peptides were dissolved in phosphate buffer (100 mM K 2 HPO 4 -KH 2 PO 4 , pH 7.5) at a concentration range of 100 to 150 M, and final concentrations were determined spectrophotometrically in the near-UV range. To estimate the absorption coefficient of peptide b13-2C-mut (no aromatic residue), absorption spectra of samples with known concentrations of b13-2C were recorded in the far-UV range and the absorption coefficient at 220 nm (per peptide bond) was calculated. Far-UV-circular dichroism (CD) measurements in the presence of increasing trifuoroethanol (TFE) concentrations were performed at 4°C in a 0.5-mm fused silica cuvette on a Jasco J-810 spectropolarimeter. Up to 30 single far-UV-CD spectra were accumulated from 200 to 260 nm with a scan rate of 20 nm/min, 4-s response, and bandwidth of 1 nm. The dynode voltage did not exceed Ϸ600 mV. No concentration dependence was observed in the presence of TFE, indicating that the Munc13 peptides did not form oligomers.
Mapping of cross-linked sites in Munc13 peptide-CaM complexes. (i) Photoaffinity labeling. Labeling of CaM with Munc13 photoprobes and mapping of the photoadducts by MS was performed according to our recently introduced workflow based on isotopically labeled [ 15 N]CaM (14) . To identify and sequence cross-linked peptides, PAL reaction mixtures were subjected to in-solution digestion with trypsin and subsequently analyzed by offline liquid chromatography (LC)-MALDI-MS on a syringe pump-based capillary (300 m inner diameter) LC system coupled to a Bruker Ultraflex MALDI-TOF/TOF mass spectrometer (14) . To complement mass spectrometric sequencing, a ligand release assay by on-target CNBr cleavage was used for confirmation of cross-linked sites as described previously (14, 23) . In this assay, photoincorporation into the Met side chain is indicated by a newly appearing signal corresponding to the methylthiocyanate derivative (mass shift of ϩ73.00 mass units) of the respective benzophenone-containing tryptic peptide derived from the photoprobe.
(ii) Chemical cross-linking. The cross-linking reactions with N-succinimidyl-p-benzoyldihydrocinnamate (SBC) were conducted in a twostep fashion (24) . First, the amine-reactive site of SBC was allowed to react with CaM. For this, bovine brain CaM (Calbiochem) was diluted to 8.5 M in 10 mM HEPES buffer (pH 7.2) containing a Ca 2ϩ /chelator (EGTA) system to adjust the free Ca 2ϩ concentration to 30 nM. After incubation for 15 min at room temperature, a 20-or 50-fold molar excess of a freshly prepared solution of SBC in dimethylsulfoxide (DMSO) was added and the mixture was incubated for 30 min. Nonreacted SBC was quenched with ammonium bicarbonate (20 mM final concentration) and removed by microfiltration with YM-3 centrifugation units (Millipore). For the photoreaction, the respective Munc13 peptide (10 M) was mixed with SBC-labeled CaM before irradiating the mixture with UV light (365 nm). Analysis of the cross-linking reactions by SDS-PAGE and linear MALDI-TOF-MS was performed as described previously (14) . Crosslinked products were separated from nonreacted CaM by SDS-PAGE, and gel bands of interest were subjected to in-gel digestion with trypsin (45) for 2 h at 37°C in the presence of the trypsin enhancer ProteaseMAX surfactant (Promega) according to the manufacturer's protocol. As described recently, tryptic peptide mixtures were analyzed by nano-highperformance liquid chromatography (HPLC) (Ultimate; Dionex) coupled to MALDI-TOF/TOF-MS (Ultraflex; Bruker) (14, 24) or by nano-HPLC (Ultimate; Dionex) coupled to a nano-electrospray ionization-linear ion trap (ESI-LTQ)-Orbitrap-MS (LTQ-Orbitrap XL; ThermoFisher Scientific) (24) to detect candidate cross-linked peptides with high mass accuracy, confirm their identity, and assign the cross-linking sites. Briefly, data-dependent MS/MS was conducted in the linear ion trap on the five most abundant precursor ion signals from the Orbitrap full MS scan (resolution, 60,000). Fragment ions were generated by collision-induced dissociation (CID) in the LTQ and analyzed either in the LTQ or the Orbitrap (resolution, 7,500). To increase the chance of fragmentation of less abundant peaks, a dynamic exclusion was enabled in such a way that after 3 repeats of fragmentation of one precursor, it was set to the exclusion list for 120 s. Cross-linked products were identified by analyzing the MS data with the CoolToolBox software program, which is a major upgrade of the VirtualMassSpectrometryLab (VMSL) software (12) . MS/MS data of cross-linked products were identified using General Protein Mass Analysis for Windows (GPMAW 8.2; Lighthouse Data) (36) . For the structural analysis of SBC-cross-linked peptides, Lys residues of CaM and Ala, Ile, Leu, Lys, Arg, Met, and Phe residues of Munc13 peptides were considered potential reaction sites of the N-hydroxysuccinimide (NHS) ester and benzophenone moiety, respectively. The restrictions applied for the photophore were based on prior knowledge (17) and our own experiences with its preferred reaction sites.
Computational modeling. Structure predictions of Munc13 peptideCaM complexes were performed as described previously (14) . Briefly, the structures of the Munc13 peptides were modeled using the PepFold program (29) on the basis of secondary-structure predictions from JuFo (31) and PSIPRED (30) . Structures of different peptide-CaM complexes (Protein Data Bank [PDB] entries 1CDL, 1CKK, 1QS7, 1QTX, 1WRZ, 2BBM, 2F3Y, and 2O60) were used as a starting point for fast global protein docking searches with the PatchDock server (18) , thereby accounting for the broad variety of CaM-binding modes (from parallel to antiparallel) and conformations (from open to highly compact). Phe-C ␤ /Trp-C ␤ -Met-C ε distances of Յ8 Å and Lys-C ␣ -X-C ␣ distances of Յ20 Å were implemented as experimental distance constraints derived from PAL and chemical cross-linking, respectively. PatchDock solutions were refined by local searches using the RosettaDock protein-protein docking server (27) . Two thousand structures were first calculated independently and ranked by energy. From the 10 energetically favored structures, the final model was selected on the basis of its root mean square deviations (RMSD) from the input structure and optimal conformance with all experimental distance constraints. Model quality was evaluated with RosettaDock using the selected structures as the starting point for the calculation of an additional 1,000 models. The energy and solvent-accessible surface area (SASA) of those structures were plotted as a function of deviation from the starting structure (RMSD) to provide for a local minimum. MolProbity (11) was used for model evaluation and refinement, PyMol 0.99rc6 (www.pymol.org) was used for visualization of structures, and MultiProt (46) was used for structure-structure alignments.
Transfection of neurons and electrophysiological rescue experiments. Munc13-1 and Munc13-2 knockout (KO) mice were published previously (4, 51) . Microisland cultures of mouse hippocampal neurons were prepared and cultured as described previously (37) . Prior to transfection, large amounts of DNA were prepared using the EndoFree Plasmid Maxi kit (Qiagen). Transfections were performed using the CalPhos mammalian transfection kit (Clontech). In brief, 4 g of DNA was used to transfect one coverslip in a 6-well plate. The transfection reagents were mixed according to the manufacturer's protocol and were applied on day in vitro 3 to 4 neurons in NBA medium (Gibco) for 15 min at 5% CO 2 . The medium then was changed to Hanks balanced salt solution (HBSS) (Gibco) that was kept at 10% CO 2 for 1 h prior to the transfection. After 30 min, the medium was changed back to the standard culture medium. Transfection efficiencies were typically 0 to 0.5% for all products. Similar fluorescence intensities were observed in neurons expressing bMunc13-2 WT , bMunc13-2 CaM* , Munc13-3 WT , and Munc13-3 CaM* , which was most likely due to the presence of free EGFP originating from the internal ribosomal entry site.
Transfected neurons (i.e., neurons presenting green fluorescence) were recorded at day in vitro 12 to 15. Neurons were whole-cell voltage clamped at Ϫ70 mV, and excitatory postsynaptic currents (EPSCs) were evoked by depolarization of the cell membrane potential from Ϫ70 to 0 mV for 2 ms. During our experiments, we observed that neurons with strong fluorescence exhibit lower EPSC amplitudes than neurons with low fluorescence. Thus, the EGFP and/or the Munc13-VENUS variant may cause cytotoxicity or otherwise negatively affect neurotransmission when expressed at high levels, thereby preventing any correlation between fluorescence intensities and EPSC amplitudes. Sucrose pulse experiments, phorbol ester stimulation, and high-frequency stimulation experiments were performed as described previously (21, 39, 42) . The vesicular release probability (P vr ) was calculated by dividing the charge transfer during an EPSC by the charge transfer during the response to hypertonic sucrose. Whole-cell voltage clamp recordings were acquired using the Axon Multiclamp 700B amplifier, Digidata 1440A data acquisition system, and the pCLAMP 10 software (Molecular Devices). Analysis was performed using Axograph X software (Axograph). The n values indicate the number of cells tested. Data are expressed as means Ϯ standard errors of the means (SEM). The averages describing the degree of depression and facilitation represent the last 10 data points (for bMunc13-2) or 5 data points (for Munc13-3). Statistical significance was tested using the nonparametric unpaired Mann-Whitney test. P values of Ͻ0.05 were considered significant.
RESULTS
Characterization of CaM-binding peptides derived from bMunc13-2 and Munc13-3. In a previous study (15) , we identified the sequence stretches bMunc13-2(572-594), bMunc13-2(719-742), Munc13-3(786-804), and Munc13-3(961-980) as potential CaM binding sites (Fig. 1B) and showed in photoaffinity (57) . It is therefore likely that the extremely high Ca 2ϩ sensitivity seen here is due to the use of truncated CaM-binding peptides, and we assume it to be about one order of magnitude lower for full-length Munc13 proteins.
bMunc13-2 and Munc13-3 bind CaM stoichiometrically. The presence of two potential CaM-binding sites in bMunc13-2 and Munc13-3 led us to consider different possibilities for complex formation with CaM (see Fig. S3 in the supplemental material). To investigate which of these occurs at the protein level, we used GST-bMunc13-2(366-780) and GST-Munc13-3(711-1063) in cosedimentation experiments and found that they interact with CaM in a strictly Ca 2ϩ -dependent manner ( Fig. 2A and B, lanes 1 and 2). We analyzed the stoichiometry of the complexes by quantification of the fluorescence signals of protein-bound Coomassie dye and normalization of band intensities to protein size. Similar intensity-per-kDa ratios for the GST-bMunc13-2(366-780) and CaM bands (Fig. 2A, lane 2, and D) as well as for the GSTMunc13-3(711-1063) and CaM bands (Fig. 2B, lane 2, and D) indicated the formation of 1:1 complexes, suggesting that only one of the two CaM-binding sites in bMunc13-2 and Munc13-3 is occupied. To determine the relevant site, we replaced the respective hydrophobic anchor residues with an Arg residue and tested CaM binding of the mutated constructs. CaM binding remained unchanged for GST-bMunc13-2 F580R (Fig. 2A, lane 4 , and D) and GST-Munc13-3 F787R (Fig. 2B, lane 4 , and D), whereas it was considerably impaired for GST-bMunc13-2 F723R and GSTbMunc13-2 F580R/F723R ( Fig. 2A, lanes 6 and 8, and D) or even abolished for GST-Munc13-3 F962R and GST-Munc13-3 F787R/ F962R (Fig. 2B, lanes 6 and 8, and D) . Although the F723R mutation in GST-bMunc13-2(366-780) reduced its CaM binding by a factor of two to three already, we sought to generate a variant completely lacking CaM binding. We generated the construct GSTbMunc13-2 F723R/K724E/R728E/R731E where, in addition to the F723R mutation, the three amino acids defining the basic patch of the amphipathic ␣-helix (Lys-724, Arg-728, and Arg-731) were replaced by acidic Glu. These mutations completely abolished the bMunc13-2-CaM interaction (Fig. 2C and D) . To test whether the loss of binding was due to the removal of the hydrophobic anchor residue and the basic patch or due to a perturbation of the ␣-helical structure, we subjected the mutated CaM-binding peptides Arg 723 -Glu 724,728,731 -b13-2C (mut-b13-2C) and Arg 962 -13-3C (mut-13-3C) to CD spectroscopy. We observed that the propensity to form an ␣-helix was not substantially altered for mutb13-2C and mut-13-3C compared to their wild-type counterparts (Fig. 2E) , and we concluded that the mutations do not perturb the overall structure of bMunc13-2 and Munc13-3, a hypothesis that was later confirmed by our functional characterization of the CaM-insensitive Munc13 variants.
Taken together, we provide strong evidence that bMunc13-2 and Munc13-3 bind CaM predominantly through a single CaMbinding site, though we cannot completely rule out binding to the secondary putative CaM-binding site because of limitations related to GST-based cosedimentation experiments (e.g., failure to detect weak interactions, inaccessibility of binding sites due to protein aggregation, or autoinhibition by another protein sequence). However, the established CaM-binding sites spatially align with those of Munc13-1/ubMunc13-2 in terms of distance to the C1 domain (Fig. 1A) , and mutation of these sites completely abolished CaM binding.
All four Munc13 isoforms employ a common mode of interaction with CaM. The CaM-binding sites of Munc13s are diverse in their sequences and do not belong to any of the common recognition motif families (40, 56) , raising the possibility that they employ different modes of interaction. To gain information on the structure of bMunc13-2 and Munc13-3 complexes with CaM, we combined two cross-linking techniques and mapped the crosslinked sites within peptide-CaM complexes by mass spectrometry. First, we took a PAL approach and subjected the photoadduct of CaM and Bpa 723 -b13-2C to our established analytical workflow (14) , which led to the detection of the cross-linked peptides Bpa 723 -b13-2C(1-6)-CaM(116-126) and Bpa 723 -b13-2C(1-6)-CaM(127-148) (Fig. 3A and B) . Cross-linking at Cys-1 of b13-2C could not be excluded on the basis of the mass spectrometric data but was considered unlikely, as reaction to this site is unusual for benzophenones and would most likely lead to steric hindrance of tryptic cleavage. Rel. int., relative intensity in percent; abs. int., absolute intensity in arbitrary units. photoincorporation into CaM (Fig. 3C) . However, the fragment ion mass spectrum of the larger cross-linked peptide, Bpa 723 -b13-2C(1-6)-CaM(127-148), did not lead to an unequivocal ion series (not shown) and therefore was subjected to on-target CNBr cleavage. As originally introduced by Kage et al. (23) and recently confirmed by us (14) , this treatment leads to the release of the photoprobe fragment, but only when the cross-link was formed through a Met side chain. We detected such an indicative signal (mass shift of ϩ73 mass units) upon CNBr cleavage of Bpa 723 -b13-2C(1-6)-CaM(127-148) and concluded that Met-144 is the second site of photoincorporation into CaM (Fig. 3D) . Similarly, Met-124/Met-144 were confirmed as cross-linked sites when CaM was labeled with Bpa 962 -13-3C and analyzed in the same fashion (see Fig. S4 in the supplemental material). Together, our PAL data show that, in the bound state, the hydrophobic anchor residues of bMunc13-2 and Munc13-3 are coordinated by Met-124 and Met-144 of CaM, which is in complete agreement with our previous findings for Munc13-1/ubMunc13-2 (14) . We thus considered it likely that the CaM-binding peptides of all four Munc13 isoforms are similarly positioned in complex with CaM.
To confirm this hypothesis, we complemented the PAL data by chemical cross-linking with the aim of generating sets of distance constraints for molecular modeling. Using the novel heterobifunctional reagent N-succinimidyl-p-benzoyldihydrocinnamate (SBC) (24) , CaM was first labeled by the amine-reactive function and then photo-cross-linked with the respective Munc13 peptide. As exemplified here for the cross-linking reaction of b13-2C and CaM, analysis by SDS-PAGE revealed the formation of a covalent b13-2C-CaM complex at an apparent molecular mass of ϳ20 kDa (Fig. 3E) , and mass spectrometric analysis clearly confirmed the presence of a b13-2C-CaM complex with 1:1 stoichiometry (Fig. 3F) . To map the cross-linked sites, the respective bands were subjected to tryptic in-gel digestion, and the resulting peptide mixtures were analyzed by LC-MS/MS. As shown in the example survey spectrum in Fig. 3G , the minor signal at m/z 929.1158 agreed well with the triply charged cross-linked peptide b13-2C(1-6)-CaM(91-106). Subsequent sequencing by MS led to a fragment ion mass spectrum that confirmed the composition of the crosslinked peptides and revealed Ile-2 of b13-2C(1-6) as the reaction site of the benzophenone moiety of SBC (Fig. 3H ). We were able to map four different intermolecular cross-links within the b13-2C-CaM complex and 13 within the 13-3C-CaM complex, in addition to the two contact sites derived from PAL (Table 1) . Comparable sets of cross-linked sites were previously obtained for 13-1 and ub13-2 with homobifunctional amine-reactive reagents (14) and confirmed here with SBC (Table 1 ; also see Fig. S5 in the supplemental material).
We next used the cross-linked sites (Table 1) as experimental distance constraints for the creation of low-resolution structural models of Munc13 peptide-CaM complexes. In agreement with our CD spectroscopic data (Fig. 2E ), b13-2C and 13-3C were predicted to form an ␣-helix and were docked as such to the structures of different peptide-CaM complexes by using the PatchDock server. The distance constraints were best compatible with compact structures in which CaM enwraps the peptide ligand in an antiparallel manner. The highest score (i.e., the energetically most favored structure) was obtained when the CaM complex of a peptide derived from neuronal NO synthase (nNOS; PDB entry 2O60) was used as the template. Such a compact conformation was further supported by intramolecular cross-links found between the N-and C-terminal CaM domains (see Table S1 in the supplemental material), confirming their close proximity during binding of b13-2C and 13-3C. Most importantly, the models obtained for the CaM complexes of b13-2C and 13-3C resembled those of 13-1 and ub13-2 (14) , and superimposition of the CaM structures revealed that the CaM-binding peptides of all four Munc13 isoforms align well (Fig. 4A) . For model refinement, the final PatchDock solutions were used as starting structures for local searches using the RosettaDock server. Ten energetically favored structures were filtered for optimal conformance with the experimental distance constraints (i.e., for the lowest root meansquared deviation [RMSD] from the PatchDock model [see Table  S2 in the supplemental material]) to create the final structural models for the Munc13 peptide-CaM complexes. The resulting structures are highly related, all featuring antiparallel binding of the ␣-helical peptides through similar contact points and a compact overall shape ( Fig. 4B to E) . We thus conclude that all four Munc13 isoforms employ a common mode of interaction with CaM. ), were studied in autaptic hippocampal Munc13-1/2 double knockout (DKO) neurons, which exhibit no evoked or spontaneous release. Expression of bMunc13-2 WT clearly rescued the block of synaptic transmission, and a small average EPSC amplitude of 0.383 Ϯ 0.04 nA was measured (n ϭ 75) (Fig. 5A and C) , comparable to the amplitudes measured in autaptic hippocampal neurons from Munc13-1 KO mice still expressing ubMunc13-2 and bMunc13-2 (ϳ0.1 nA) (2, 42) . We therefore consider it unlikely that the small amplitudes seen in our rescue experiments represent an artifact of low expression levels. Rather, they might indicate that bMunc13-2 is only capable of rescuing a subset of synapses in a given hippocampal neuron, a notion that is supported by the FM1-34 uptake experiments by Rosenmund et al. (42) , who showed that in neurons from Munc13-1 KO mice, only a small fraction of synapses remain active. Surprisingly, bMunc13-2 CaM* rescued synaptic transmission more efficiently, with average EPSC amplitudes of 1.28 Ϯ 0.2 nA (n ϭ 76) ( Fig. 5A and C) . To estimate the size of the RRP of fusion-competent SVs, we used the postsynaptic response elicited upon application of hypertonic sucrose solution (43) and obtained average RRP sizes of 0.095 Ϯ 0.015 nC (n ϭ 63) and 0.136 Ϯ 0.018 nC (n ϭ 61) for bMunc13-2 WT and bMunc13-2 CaM* , respectively ( Fig. 5B and D) . The vesicular release probability (P vr , the probability of a SV to be released upon an AP) was 3.8% Ϯ 0.4% (n ϭ 60) for bMunc13-2 WT -expressing neurons and 6.3% Ϯ 0.6% (n ϭ 61) for bMunc13-2 CaM* -expressing neurons (Fig. 5E ). No differences were seen in the potentiation of the synaptic response by phorbol ester (39) , indicating that the C1 domain activation of bMunc13-2 regulates neurotransmitter release independently of CaM binding in a fashion similar to that of Munc13-1/ubMunc13-2 (Fig. 5F) .
The finding that bMunc13-2 WT and bMunc13-2 CaM* differ in all basic parameters of synaptic transmission (i.e., EPSC amplitude, RRP size, and P vr ) was unexpected, as it was not observed for the CaM-insensitive variants of Munc13-1, ubMunc13-2 (22), and Munc13-3 (see below). However, we noticed that bMunc13-2 WT -and bMunc13-2 CaM* -expressing neurons that exhibit similar initial EPSC amplitudes also exhibit similar RRP and P vr . We therefore analyzed a subset of the data by matching bMunc13-2 WT -and bMunc13-2 CaM* -expressing neurons from the same culture according to the criterion that their initial EPSC amplitude was within a window of Ϯ100 pA. After matching, average EPSC amplitudes of 0.42 Ϯ 0.05 nA (bMunc13-2 WT ; n ϭ 26) and 0.415 Ϯ 0.05 nA (bMunc13-2 CaM* ; n ϭ 26) were calculated (Fig.  5G) . In this data set, neither the average RRP sizes (bMunc13-2 WT Fig. 5J ) were significantly different. These results imply that the differences in RRP size and P vr in the full data set are not related to an effect of the point mutations on intrinsic protein function, as such changes should not depend on the initial EPSC size. Rather, we speculate that these changes result from differences in the expression levels of bMunc13-2 WT and bMunc13-2 CaM* . However, we could not test this hypothesis, because Ca 2ϩ -phosphate transfection of primary neurons results in very low transfection efficiencies that are incompatible with Western blot detection. Moreover, immunocytochemical comparison using a bMunc13-2 antibody (52) was inconclusive due to somatic background staining in wild-type and Munc13-1/2 DKO neurons (not shown) similar to that observed in the retina (10) , and immunostaining of the C-terminal VENUS tag would be masked by the free EGFP derived from an EGFP cassette in the pCAGIG plasmid. In any case, the analysis of amplitude-matched neurons provided a sub-data set in which the characteristics of basal neurotransmission mediated by bMunc13-2 WT and bMunc13-2 CaM* were comparable and enabled us to dissect the specific effect of CaM binding on STP.
We next studied basal synaptic transmission in the presence of Munc13-3 by expressing Munc13-3
WT and Munc13-3 CaM* in hippocampal Munc13-1/2 DKO neurons, where Munc13-3 expression is not detectable by morphological or functional analysis (2, 51). Munc13-3
WT rescued the loss of synaptic transmission and an average EPSC amplitude of 0.73 Ϯ 0.07 nA (n ϭ 37) (Fig. 5K and  M) was recorded, indicating that Munc13-3 is capable of mediating SV priming. Munc13-3 CaM* -expressing neurons exhibited a slightly, but not significantly, higher average EPSC amplitude (0.89 Ϯ 0.14 nA; n ϭ 41) (Fig. 5K and M) . RRP sizes were comparable (Munc13-3 WT , 0.28 Ϯ 0.034 nC [n ϭ 31]; Munc13-3 CaM* , 0.25 Ϯ 0.04 nC [n ϭ 35]) ( Fig. 5L and N) , resulting in a slightly higher P vr of Munc13-3 CaM* -expressing neurons (Munc13-3 WT , (Fig. 5O) . The phorbol ester-mediated potentiation of synaptic transmission was slightly higher for Munc13-3 WT (5.04 Ϯ 0.7; n ϭ 15) than for Munc13-3 CaM* (4.1 Ϯ 0.53; n ϭ 18) (Fig. 5P ). Taking these results together, we observed small but not significant differences in basal synaptic transmission between neurons expressing Munc13-3 WT and Munc13-3 CaM* . To investigate STP characteristics in bMunc13-2 WT -, CaM* -, Munc13-3 WT -, and Munc13-3 CaM* -expressing neurons, we measured their response to high-frequency AP trains at a frequency of 10 Hz. During such a train, STD is seen as a gradual decrease of the EPSC size relative to the baseline EPSC obtained with 0.2-Hz stimulation, while facilitation, an early phase of STE, is seen as an increase of the EPSC size. Following the train, a several-second increase in EPSC amplitude represents augmentation, a later phase of STE (58) . Neurons expressing bMunc13-2 WT showed facilitation during the train, reaching an average of 2.1-Ϯ 0.21-fold (n ϭ 74) of the baseline transmission level, followed by a 4.74-Ϯ 0.45-fold augmentation 2 s after the high-frequency train (Fig. 5Q) . These values agree well with data obtained from Munc13-1 KO neurons, which express both isoforms of Munc13-2 (42), indicating that bMunc13-2 is the major splice variant expressed in cultured hippocampal neurons. Remarkably, neurons expressing bMunc13-2 CaM* initially showed facilitation that was not sustained and rapidly switched to STD, reaching steady-state depression levels of 0.65-Ϯ 0.04-fold (n ϭ 73) of the basal transmission levels (Fig. 5Q) . Following the train, reduced augmentation was seen, reaching 1.38-Ϯ 0.11-fold of the basal synaptic transmission levels (Fig. 5Q) . We next analyzed the STP behavior of neurons in the amplitude-matched group that exhibit similar P vr to exclude the possibility that the STP differences between neurons expressing bMunc13-2 WT and bMunc13-2 CaM* arise solely due to their different P vr . Strikingly, this analysis yielded comparable results, indicating that intrinsic functional differences between bMunc13-2 WT and bMunc13-2 CaM* account for the different STP characteristics they induce (for bMunc13-2 WT , facilitation of 1.81-Ϯ 0.28-fold and augmentation 3.86-Ϯ 0.5-fold, n ϭ 25; for bMunc13-2 CaM* , depression of 0.90-Ϯ 0.13-fold and augmentation of 1.82-Ϯ 0.3-fold, n ϭ 24) (Fig. 5R) . We next analyzed STP in hippocampal neurons expressing Munc13-3 WT and observed moderate frequency facilitation during the high-frequency stimulation train, which was peaking after ϳ1 s to 1.94-Ϯ 0.19-fold of the baseline levels and then decaying to 1.61-Ϯ 0.17-fold at the end of the train (n ϭ 37) (Fig. 5S) . Following the train, a short-lasting, minor augmentation was seen (1.49-Ϯ 0.14-fold) (Fig. 5S) . In contrast, Munc13-3 CaM* -expressing neurons exhibited significantly reduced facilitation during the early phase of the train (1.34-Ϯ 0.09-fold; n ϭ 31), with comparable augmentation at the end of and following the train (1.32-Ϯ 0.11-fold and 1.34-Ϯ 0.11-fold) (Fig. 5S) . Thus, it appears that Ca 2ϩ /CaM regulation of Munc13-3 activity plays a role during the early phase of the high-frequency train, but its overall effect on STP is lower than that of Ca 2ϩ /CaM regulation of the other Munc13s.
To gain insight into the mechanism of STP modulation by Ca 2ϩ /CaM-Munc13 binding, we studied the modulation of RRP size after high-frequency activity at 40 Hz (Fig. 6A) . We observed a strong increase in RRP size to 1.43-Ϯ 0.11-fold (n ϭ 22) of its value under resting conditions in neurons expressing bMunc13-2 WT . In contrast, the RRP size was reduced to 0.77-Ϯ 0.07-fold (n ϭ 21) of its value under resting conditions in neurons expressing bMunc13-2 CaM* (Fig. 6B) . Importantly, almost the same is seen in the amplitude-matched data set (bMunc13-2 WT , 1.55-Ϯ 0.25-fold, n ϭ 9; bMunc13-2 CaM* , 0.76-Ϯ 0.13-fold, n ϭ 9) (Fig.  6C) . The release probabilities after high-frequency activity, as estimated by dividing the averaged augmentation ratio of the EPSC amplitude by the ratio of RRP change after the 40-Hz train, were identical. We did not carry out the corresponding experiment for Munc13-3, as neurons expressing Munc13-3
WT and Munc13-3 CaM* exhibit similar augmentation ratios and thus were not expected to show significant differences under our experimental conditions. However, we consider it likely that Ca 2ϩ /CaM binding to Munc13-3 regulates STP in the early phase of the AP train by RRP size modulation, as this mechanism also was previously proposed for Munc13-1 and ubMunc13-2 based on an experimental paradigm similar to that used here (22) . In that study, the CaMinsensitive variants of Munc13-1 and ubMunc13-2 showed a reduction in RRP size after an AP train at 10 Hz without corresponding changes in P vr compared to their wild-type variants.
Taken together, our electrophysiological data indicate that Ca 2ϩ /CaM interaction with bMunc13-2 or Munc13-3 enhances priming during periods of high neuronal activity. Consequently, these neurons are able to sustain high rates of neurotransmitter release during high-frequency AP trains, leading to a transition from STD to STE in the case of bMunc13-2 or to enhanced STE in the case of Munc13-3.
DISCUSSION
Activity-dependent STP phenomena have been observed in virtually every neuron type studied so far and are considered a fundamental feature of neurotransmission (58) . They contribute to the reliability, fidelity, and endurance of synaptic transmission and are pivotal in many higher brain functions, such as cortical gain WT or bMunc13-2 CaM* . The RRP was measured using three sucrose applications (Suc). The first application was used to quantify the RRP size under resting conditions, the second was given 0.5 s after a 40-Hz train for 2.5 s and served to evaluate activity-dependent RRP modulation, and the third was used to correct for RRP rundown during the experiment. The ratio between the RRP size after a 40-Hz stimulation and the predicted RRP size under resting conditions corrected for rundown is plotted for the entire data set (B) and for the amplitude-matched group (C). In all bar graphs, n values are indicated at the bottom of the bar. ***, P Ͻ 0.001; *, P Ͻ 0.05. control (1), working memory (32), motor control (33), sensory adaptation (8), or sound localization (9) . However, little is known about the molecular mechanisms underlying STP. One common presynaptic mechanism proposed for both STD and STE is Ca 2ϩ -dependent RRP size regulation. Accordingly, the buildup of [Ca 2ϩ ] i during strong synaptic activity leads to SV fusion and thus to RRP exhaustion but also to an increased rate of RRP replenishment, probably through the activation of a molecular machinery that replenishes fused SVs. When the replenishment rate is higher than the fusion rate, STE prevails, while STD is observed when the fusion rate is faster than the replenishment rate (35) . As essential priming factors, CAPS (21) and Munc13 proteins control the RRP size, but only Munc13s have been shown to be regulated by Ca 2ϩ (22, 39, 47) .
Based on our in vitro finding that bMunc13-2 and Munc13-3 contain only one functional Ca 2ϩ /CaM binding site, which can be inactivated by targeted mutagenesis (Fig. 2) , we generated CaMinsensitive full-length variants and studied their STP characteristics along with those of their wild-type counterparts. We found that Ca 2ϩ /CaM binding of bMunc13-2 leads to a transition from STD to STE, while Ca 2ϩ /CaM binding of Munc13-3 leads to stronger STE (Fig. 5) . Moreover, we show that Ca 2ϩ /CaM binding is necessary for the refilling of the RRP after high-frequency stimulation (Fig. 6 ). Our physiological analysis presented here and previously (22) , together with the structural insights indicating a common mode of Ca 2ϩ /CaM interaction for all Munc13 isoforms (Fig. 4) , lead to the conclusion that the regulation of priming activity through Ca 2ϩ /CaM complexes is conserved within the Munc13 protein family despite the lack of consistent sequence homology. We propose that Ca 2ϩ /CaM signaling to all Munc13s transduces elevations in residual [Ca 2ϩ ] i into an increased size and refilling rate of the RRP, two parameters that essentially determine the extent of and the recovery from STD (16, 44, 48, 53) . Thus, our data contribute to the STP mechanism proposed above and highlight Munc13s as important components of the molecular machinery that controls STP.
Within the Munc13 protein family, a role in SV priming and STP has been established only for the closely related isoforms Munc13-1 and ubMunc13-2. Here, we show directly by electrophysiological rescue experiments that bMunc13-2 and Munc13-3 exhibit priming activity, as they rescue synaptic transmission in neurons deficient of all Munc13s (Fig. 5) . During our electrophysiological analysis, we observed that distinct STP characteristics are conferred to a neuron upon expression of bMunc13-2 and Munc13-3, adding to earlier findings reporting different forms of STP upon expression of Munc13-1 and ubMunc13-2 (42) . It thus appears that each Munc13 isoform is capable of inducing unique STP characteristics. Neurons expressing ubMunc13-2 (22, 42, 47), bMunc13-2, and Munc13-3 (this paper) display facilitation during an AP train at a frequency of 10 Hz, whereas expression of Munc13-1 leads to depression (42) . Interestingly, the two Munc13-2 splice variants seem to differ in efficacy, as bMunc13-2-expressing neurons exhibit stronger facilitation and augmentation (1.8-and 3.9-fold) compared to ubMunc13-2 (1.3-and 2.1-fold) (22, 47) , leading to increased activity-dependent outputs in neurons equipped with bMunc13-2. Munc13-3 expression in hippocampal neurons leads to a mild facilitation during an AP train that decays during the train (Fig. 5S) and is followed by a small, transient augmentation. Of note, Munc13-3 is the only Munc13 isoform that is not present in the hippocampus of the rodent brain and may therefore induce different STP characteristics in the subset of neurons that normally express it, e.g., cerebellar neurons (2) . In view of these findings, it is very likely that different STP outputs are shaped in distinct synapses in vivo by particular Munc13 isoforms or particular combinations thereof. Ca 2ϩ /CaM-dependent regulation of Munc13s appears to be a highly important feature of SV priming in vertebrates and invertebrates. It likely operates in all UNC-13 proteins, as CaM recognition motifs similar to that of Munc13-1 exist in the UNC-13 homologs of Caenorhabditis elegans and Drosophila melanogaster, and CaM binding of the latter was confirmed experimentally (55) . Moreover, during the evolution of different Munc13s, at least three distinct types of CaM-binding sites in Munc13-1/ ubMunc13-2, bMunc13-2, and Munc13-3 appeared that converged to a common structure and function, thereby preserving the Ca 2ϩ /CaM-dependent regulation of priming activity. Interestingly, a recent study reported a similar phenomenon regarding the conserved C-terminal MUN domain of Munc13-1 (25) . Part of this domain is structurally similar to vesicle tethering factors but has a distinct primary structure (sequence homology of Ͻ10%), indicating that MUN domain-containing proteins such as Munc13s, CAPS, and others have a common role in membrane traffic.
Our structural models of the Munc13 peptide-CaM complexes indicate that the N-terminal part of the Munc13 peptides contact the C-terminal CaM domain through hydrophobic residues in positions 1, 5, and 8 (13-1, ub13-2, and 13-3C) or 1, 5, and 10 (b13-2C) of the motifs. This interaction domain is in agreement with the high-resolution nuclear magnetic resonance (NMR) structure derived from the CaM complex of the C-terminally elongated 34-amino-acid peptide Munc13-1 and is referred to as the C module (41) . However, this published structure indicated that Trp-489 of Munc13-1 (position 26 of the motif) is embedded in the hydrophobic cleft of the N-terminal CaM domain to form a second interaction domain, the N module. Within this modular architecture, the complex adopts an extended conformation, as the C and N modules are connected by central flexible linkers in both CaM and Munc13-1 . Interestingly, NMR titration experiments indicated that the formation of the C module can occur at resting [Ca 2ϩ ], while a higher [Ca 2ϩ ] is required for the formation of the N module (41) . This sequential binding mode likely enables CaM-Munc13 complexes to sense [Ca 2ϩ ] i over a broad concentration range, an essential feature to fulfill their role in Ca 2ϩ -dependent RRP size regulation. Intriguingly, bMunc13-2 and Munc13-3 contain neither the 1-5-8-26 CaM recognition motif of Munc13-1/ubMunc13-2 (41) nor any other hydrophobic cluster with a spacing of 20 to 30 amino acids from the first anchor residue. Nevertheless, in view of the conserved function, it is likely that some type of sequential interaction occurs during CaM binding of all Munc13 isoforms. We consider our electrophysiological data evidence in support of this notion, but detailed structural information on the CaM complexes of larger bMunc13-2 and Munc13-3 protein fragments is needed to prove or disprove this hypothesis.
In conclusion, we show here that the Ca 2ϩ /CaM-dependent regulation of SV priming is structurally and functionally conserved within the Munc13 family, and that this regulation is mediated through nonconserved Ca 2ϩ /CaM-binding sites, which are likely the result of convergent evolution. Our data establish the Ca 2ϩ /CaM-Munc13 complexes as components of the synaptic molecular machinery that plays a pivotal role in determining the STP characteristics of a neuron. The evolution of four Munc13 proteins regulated by Ca 2ϩ /CaM enables the mammalian brain to differentially shape STP outputs in distinct synapses, constituting a mechanism for the fine-tuning of neuronal plasticity, which is fundamental for many higher brain functions.
